Melittin interactions with lipid bilayers and melittin formed pores are extensively studied to understand the mechanism of the toroidal pore formation. Early experimental studies suggested that melittin peptide molecules are anchored by their positively charged residues located next to the C-terminus to only one leaflet of the lipid bilayer (asymmetric arrangement). However, the recent non-linear spectroscopic experiment suggests a symmetric arrangement of the peptides with the C-terminus of the peptides anchored to both bilayers. Therefore, we present here a computational study that compares the effect of symmetric and asymmetric arrangements of melittin peptides in the toroidal pore formation. We also investigate the role of the peptide secondary structure during the pore formation. Two sets of the symmetric and asymmetric pores are prepared, one with a helical peptide from the crystal structure and the other set with a less helical peptide. We observe a stable toroidal pore being formed only in the system with a symmetric arrangement of the less helical peptides. Based on the simulation results we propose that the symmetric arrangement of the peptides might be more favorable than the asymmetric arrangement, and that the helical secondary structure is not a prerequisite for the formation of the toroidal pore.
Introduction
Anti-microbial peptides (AMPs) represent a large class of peptides (10-40 amino acids), usually amphipathic and often positively charged, that are synthesized by organisms to protect themselves from invading pathogens. The antimicrobial action of these peptides is often accomplished by perturbing the plasma membrane and subsequent lysis of the cell. Many different AMPs were studied, especially the following four: alamethicin, magainin, melittin and protegrin. To explain the mechanism of AMPs-membrane interaction, a two-state model was proposed [1] . According to this model, peptides initially accumulate on the surface of a bilayer in a surface state (S) and, after the peptide to lipid ratio P/L reaches a critical concentration (P/L)*, peptides reorient into an inserted state (I) with their helical axes parallel to the bilayer normal. Peptides in state "I" participate in the formation of the pores. The critical (P/L)* ratio depends on the composition of the membrane and properties of the peptide. Two different models of pores were proposed to be induced by AMP molecules: the barrel-stave model and the toroidal model. For the barrel-stave model, a number of AMP molecules line the walls of the pore like in the barrel and the membrane lipids do not bend. In the toroidal pore, the lipid monolayer continuously bends from the top leaflet to the bottom leaflet through a toroidal hole and the pore is lined by both lipids and peptides. It was proposed that alamethicin pores are consistent with the barrel-stave pore, while melittin, magainin and protegrin create larger pores that are consistent with the toroidal model [1] . In addition to barrel-stave and toroidal models that require creation of pores in membranes, another mechanism, called the carpet mechanism, was also proposed to explain the action of certain AMPs [2] . According to the carpet mechanism, an accumulation of peptides leads to a detergent-like action of peptides resulting in the disintegration of the membrane and creation of mixed micelles and bicelles.
It is quite difficult to figure out on a molecular level what kind of mechanism is responsible for the action of specific AMPs, therefore computer simulations can play a very important role in the study of such mechanisms. Recently molecular dynamics simulations were performed to study the actions of different AMPs and from the results of some of the simulations it was proposed that, in addition to mechanisms of AMP actions mentioned above, additional mechanisms may be at work. Such suggestions came originally from the work performed by Marrink and collaborators [3] . Initially, they performed a series of simulations on systems containing magainin peptides and DPPC bilayers with a P/L ratio in a range 1/128 to 4/128. In some of the longer lasting simulations, they observed that, with a peptide/lipid ratio of 4/128, magainins induced the formation of a pore which did not have a regular form [3] . They also observed that only one peptide from the pore was oriented parallel to the bilayer normal, while the other peptides were parallel to the bilayer surface. The simulation results presented a picture that deviated from an idealized version of a 
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Biochimica et Biophysica Acta j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / b b a m e m toroidal pore. Later, the same group reported results from a series of simulations of melittin peptides adjacent to the surface of a DPPC bilayer, when the P/L ratio was in a range 1/128 to 6/128 [4] . In these simulations, pores were observed when the P/L ratio was equal or above 3/128, which is above the critical concentration. It was also observed that pores were disordered, as in the simulations with magainin peptides, and that melittin peptides in the pores were not helical (the helicity of pore peptides was only 40-50%). Thus, the results of the simulations of Marrink's group provided another model of pore formation-disordered toroidal pore (DTP) model.
The simulations of Marrink et al. were all-atom simulations and were performed for time durations of only few hundred nanoseconds. Moreover, the simulations were performed on systems where peptides were initially placed on just one leaflet of the bilayer, but the number of lipids in the two leaflets was the same. Therefore, a situation was created when the number of peptides per lipid in one leaflet of the bilayer was larger than in the other. This, probably is also happening in reality: initially AMPs are located on one side of a bilayer. As observed in simulations of Marrink and collaborators, peptides in this situation create pores. These may be of transient character; nevertheless they will allow peptides to translocate across the bilayer. As a result of such translocations, the peptides will be distributed on both sides of the bilayer [5, 6] . It is possible that the simulations of Marrink and collaborators are depicting the initial transient phenomena. After the transient stage is completed and the equilibrium state is achieved, the number of peptides on both sides of the bilayer is the same, on average. The next step represents creation of a pore, with a number of peptides lining up along the walls of the pore. The process of a pore formation is also very time-consuming on a scale of all-atom simulations. Therefore, we follow the same strategy, as used in recent simulations of melittin pores and study the structural properties of melittin peptides in a bilayer with a prepared pore [7, 8] . Although similar in spirit to these previous simulations, our simulations significantly differ from the other simulations in the arrangement of melittin peptides in the pores. Because melittin peptide is positively charged (the amino acid sequence of melittin is GIGAVLKVLTTGLPALISWIKRKRQQ) and most of its charge is concentrated closely to the C-terminus, this terminus can serve as an anchor to the bilayer edge, by creating salt bridges with the negatively charged phosphates of the bilayer headgroups. When the number of melittin peptides arranges into a configuration that can support a pore, some of them may anchor their C-termini at one of the leaflets, while others on the opposite leaflet. If a transient time-period exists, that allows melittin to establish equal populations on both leaflets of the membrane, there is a good possibility that the arrangement of melittin in pores will be symmetric. For example, in pores with four melittins, two peptides will anchor their C-termini to the upper leaflet, while the other two to the lower. Existence of such arrangement of the melittin peptide in lipid bilayer was recently suggested, based on the results from non-linear spectroscopic measurements in a study of melittin assisted flip-flop motion of lipids [9] . In one of the first experimental papers on melittin peptides in a pore an asymmetric arrangement of peptides with all peptides having the C termini on the same side of the lipid bilayer was proposed by Vogel and Jahnig [10] , and since then it became a standard for consideration of molecular architecture of melittin pores. Thus, all previous studies, including the computational studies [4, 7, 8, 11] considered only such an asymmetric arrangement of peptides; we consider here both symmetric and asymmetric arrangements. Since computational studies indicated that melittin helicity is not crucial for pore creation, we also study here how the helicity of peptides influences the creation of a toroidal pore.
Methods
In their work Vogel and Jahnig suggested that melittin pores contain four peptides; simulations with pre-arranged pores with melittin also contain four peptides [10] . Therefore, we consider melittin pores containing four peptides; specifically we simulated four different systems containing melittin tetramer in a pore embedded in a bilayer patch containing 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) lipid molecules. The bilayer contained 128 lipid molecules (64 on each layer) and the radius of the initial pore was 15 Å. For a melittin POPC system, 1/62 is the critical (P/L)* ratio [1] , so our systems contain the peptide/ lipid ratio well above the critical ratio. Two different initial structures were chosen for melittin: one was a helical structure, which is chain A of the PDB ID: 2MLT [12, 13] and the second was a less helical structure obtained from the trajectory of melittin in water. The melittin tetramer was placed in a pore by placing the four peptide molecules either in a symmetric or in an asymmetric arrangement. In the symmetric arrangement two melittin molecules had their C-termini anchored to the top bilayer and the other two had their C-termini anchored to the lower bilayer. In the asymmetric arrangement all four peptides had their C-termini anchored to the top bilayer. The four systems we studied were constructed by rotating and translating one melittin molecule. The systems were: system A, where four copies of the less helical melittin were symmetrically arranged; system B, where four copies of the less helical melittin were prepared in the asymmetric arrangement; system C, where four copies of the helical melittin were symmetrically arranged; and finally, system D, with four copies of the helical melittin arranged asymmetrically. In the symmetric arrangement peptides with the C-terminus anchored to the top bilayer and the peptides with the Cterminus anchored to the lower bilayer were arranged in an alternate fashion, i.e. up-down-up-down. In cases C and D, the peptides were oriented such that their hydrophilic residues faced the inside of the pore and the hydrophobic residues faced the lipid tails, while for systems A and B no such arrangement was done. After inserting the peptides into the pores each system was solvated with 10967 SPC [14] water molecules.
The POPC bilayer patch with the pore was downloaded from the membrane builder in the CHARMM-GUI website [15] . In the computational studies of melittin in the bilayer performed by Manna and Mukhopadhyay [11] and Bachar and Becker [16] melittin was placed in such a way that the TRP19 residue interacted with the carbonyl group of the lipid headgroup. Therefore, in our systems A and B melittin TRP19 was placed closely to the lipid headgroups, thus the peptides were not fully inserted into the pore. Since each melittin molecule has a charge of + 6, 24 chloride ions were added to make the system neutral. In order to maintain physiological conditions, all the simulations reported were performed in the NaCl solution with concentrations not far from physiological of 0.1 M. Thus, in addition to the counterions, 17 Na + and Cl − ions were also added to the simulation box. After the initial setup, each system was minimized using the steepest descent algorithm. Following the minimization, the systems were equilibrated in a constant volume, constant temperature (NVT) simulation for 2 ns with position restraints on the lipid and water molecules, allowing the peptides to relax in the pore. This was followed by a 5 ns NVT equilibration with position restraints only on the lipid molecules, thereby enabling the peptide and water molecules to equilibrate. The restraints were placed on the lipid molecules and not on the peptides because restraining the peptides and allowing the lipid molecules to equilibrate resulted in the closure of the pore isolating the four peptides from each other and preventing the flow of water through the pore.
Ideally, systems like ours should be simulated for long time periods, to allow pore formation. However, the objective of this work is to start with a pore and monitor the tendency toward the formation of a toroidal pore. Therefore the peptide and water molecules were equilibrated initially to form a pore and then the lipid molecules were relaxed. Following the restrained simulations, all the restraints were removed and constant pressure, constant temperature (NPT) simulations with semi-isotropic coupling were performed. Each system was run for 250 ns in the NPT ensemble.
Two more simulations, for comparison purpose, were performed in addition. In the first simulation the system consisted of the crystal structure of melittin inserted in a transmembrane orientation into a POPC bilayer with 128 lipid molecules (64 on each layer), solvated with 6464 SPC water molecules, 6 chloride ions to neutralize the system and 12 Na + and 12 more Cl − ions. This simulation was also run for 250 ns. In the second simulation we considered a system containing melittin peptide in water. We set up the melittin in water system by solvating the peptide crystal structure with 5601 water molecules, 6 Cl − counterions and 10 Na + and 10 Cl − ions. The length of the simulation of this system was also 250 ns. All simulations were performed using the Gromacs 4.0 package [17] [18] [19] . The Gromacs ffG43a1 force field was used for the peptide and the lipid molecules. The Nose-Hoover thermostat [20, 21] was used to maintain a temperature of 310 K. The semi-isotropic pressure coupling was applied for the systems involving the bilayer using the Parrinello-Rahman scheme [22] to maintain a pressure of 1 bar. The time constants for temperature and pressure coupling were 0.5 ps. For the melittin in water system, isotropic pressure coupling was used. The time step of the simulations was 2 fs. Other standard simulation methods like the Particle Mesh Ewald [23, 24] to calculate the electrostatics, LINCS algorithm [25] to constrain bond lengths and periodic boundary conditions were also applied. The secondary structure analysis for the peptides was performed using the do_dssp interface available in Gromacs for the DSSP program [26] .
Results and discussion

Peptide arrangements in the pore
The initial structures of the four peptides along with their orientation in the starting conformations are shown in Fig. 1 . It can be seen that in cases C and D, the charged residues face the interior of the pore and the hydrophobic residues face the lipid tails. In cases A and B the peptides are not fully inserted into the bilayer and most of the C-terminus residues lie outside the bilayer. The reason the less helical peptides were not fully inserted in the pore is to allow the TRP19 residues to interact with carbonyl groups of the lipid headgroups. An incomplete initial insertion of peptides was also present in the previous simulations of Manna and Mukhopadhyay and Bachar and Becker. However, during the initial equilibration period, the peptide molecules in systems A and B interacted strongly with the lipid headgroups and peptides fully inserted into the bilayer. Therefore, we started simulations of systems C and D with a full peptide insertion. Snapshots of the systems at different time points are shown in Fig. 2 . The systems at 0 ns are actually the systems obtained at the end of the equilibration; they are used as the starting points for our molecular dynamics runs performed at constant pressure. We observed that following the equilibration, in systems A and C water penetrated into the pore forming a channel, while in systems B and D water penetrated through the top layer, but did not form a complete channel.
The clue to why this happened can be obtained from considering the charge distribution on the peptides. The net charge of melittin depending on whether the N-terminus is protonated or not is +5 or +6, and both values have been used in the literature [16, 27, 28] , although at physiological conditions the N-terminus residue GLY is reported to be protonated [29] . Moreover, melittin with unprotonated N-terminus is observed to favor an orientation parallel to the surface of the bilayer and in the protonated state prefers the transmembrane orientation [30] . Since we study melittin in a pore, we protonate the GLY residue and the net charge of melittin used is +6. Four of these charged residues reside on the C-terminus as -LYS-ARG-LYS-ARG-, one on the N-terminus GLY and the remaining one is LYS at position 7. By placing the four melittin molecules in a symmetric orientation as in A and C, the charged residues are evenly distributed through the pore with a charge of + 10 at each edge of the pore and a charge of + 4 in between, due to the four LYS7 residues. In systems B and D, the upper edge of the pore has a charge of +16 and the lower edge has +4 and the LYS7 residues add a charge of + 4 in between.
Due to this difference in charge distribution the initial water movement can be somewhat expected; in A and C, as a result of the Fig. 1 . Side and top views of the initial arrangement of the peptides in four systems A-D. The peptides are illustrated by sticks along with the cylinders which are the VMD generated cartoon representation of the secondary structure, colored by the residue type: bluecharged residues; greenhydrophilic residues; and whitehydrophobic residues. The top views clearly show that the peptides in systems A and B were placed in a random orientation inside the pore but in systems C and D the peptides were oriented such that the hydrophilic residues faced the inside of the pore and the hydrophobic residues faced the lipid tails. symmetric arrangement of the peptides, both sides of the bilayer have charged residues, which strongly attract water molecules into the pore. However, in cases B and D the lower bilayer contains only four charged residues, one from each N-terminus of the peptide. This charge is, evidently, not strong enough to attract water molecules into the pore. Therefore, in systems B and D, although water penetrates through the top bilayer, it does not form a complete channel.
Within the first 50 ns of our molecular dynamics run, in system A, the headgroups bend to form a toroidal pore, which remains stable throughout the length of the simulation. In other systems, though there are distortions in the bilayer, none of them forms a full toroidal pore. The shape of the pores toward the end of 250 ns simulations can be seen from the snapshots shown in Fig. 2 . In addition, the density plots for the phosphorous atoms, choline headgroups and water molecules given in Fig. 3A -D also help us understand the properties of the pores. As we can see from these figures, systems A and C display a non-zero density for water throughout the length of the pore. However, the densities for phosphorous atoms and choline headgroups drop to zero toward the middle of the pore for systems B, C and D confirming that the toroidal pore is not complete in these systems. Although system C forms a pore, it is not toroidal as in system A. In spite of forming a stable water channel, the pores are very narrow, and the sizes of the pores remain almost stable throughout the simulations.
One of the first computational studies on the preformed melittin pore was performed by Lin and Baumgaertner [8] . In their simulation four melittin molecules, all having their C-termini anchored to the same leaflet, were assembled in four-helix bundle and inserted in a POPC bilayer. Though their simulation length was only 5.8 ns, they observed that the peptide tetramer was not stable and decayed to a stable trimer and a monomer. They also observed the reorientation of the lipid headgroups next to peptides, characteristic for the presence of a toroidal pore. Due to the instability of the peptide tetramer, the number of water molecules in the pore increased massively in the simulation; from less than 100 at the start of the simulation to more than 400 at 5.8 ns. The setup of the system studied by Lin and Baumgaertner is close to system D in our study, with four copies of the crystal structure of melittin inserted into the preformed pore with their C-termini anchored to one side of the bilayer.
Another work on the computational study of melittin pore was performed by Manna and Mukhopadhyay [11] . As we already mentioned, in the simulation of Manna and Mukhopadhyay the peptide molecules were not fully inserted into the bilayer and the residues beyond TRP 19 were positioned outside the lipid bilayer. During the simulations it was observed that the N-termini of the four peptide molecules began to associate and pull the lipid headgroups from the lower bilayer along with the water molecules toward themselves. Though they did not observe a complete pore formation, Fig. 2 . Snapshots of the four systems at various time points during the NPT simulation. The 0 ns snapshot is the starting conformation obtained after the NVT equilibrations with restraints. Coloring scheme: peptide 1 (violet), peptide 2 (magenta), peptide 3 (green), peptide 4 (cyan), phosphorous atom (yellow), choline headgroup (gray) and oxygen of the water molecules (blue). The last column is a snapshot of the phosphorous atoms only, at 250 ns, to clearly show the toroidal nature of the pore in simulation A. since the length of the simulation was too small (15 ns) to be conclusive, the authors observed reorientation of lipid headgroups in the lower leaflet and concluded that the pore had a toroidal character.
Our system D can also be compared with the results obtained by Mihajlovic and Lazaridis [7] from a 140 ns molecular dynamics simulation of a melittin tetramer imbedded in a cylindrical pore in the DMPC bilayer. They observed that tetramer facilitates bending of lipid headgroups resulting in a creation of a semitoroidal pore. Mihajlovic and Lazaridis also anchored the C-terminus of all four melittin molecules to one side of the bilayer. Although our results from simulation D cannot be directly compared with the results from the Mihajlovic and Lazaridis simulations, since they used 71 DMPC lipid molecules and we use 128 POPC molecules, qualitatively they give the same results.
As we can see all previous computational studies have been performed with an asymmetric model of the toroidal pore, but they did not display any evidence that disregards the possibility of a symmetric pore. Our present results suggest that the formation of a toroidal pore due to symmetric arrangement of melittin peptides is possible, and that such an arrangement may be even more favorable for a toroidal pore creation.
The role of charged residues
It is not only the net charge of peptides that plays an important role in the pore architecture, but also the positioning of the charged residues along the length of the pore. The density distributions of the charged residues obtained from the last 100 ns of the runs are shown in Fig. 4I -IV. In system A, which forms a stable toroidal pore, the residues are evenly located with respect to the middle of the bilayer with LYS7 residues found closely to this middle. For system C, although the distributions also seem to be even, the ARG residues can be found penetrating inside the bilayer and LYS7 residues are located closer to the edges of the bilayer. Interestingly, in cases B and D, the LYS7 residues are pulled toward the lipid headgroups in the lower leaflet, especially in case D indicating a tendency to balance the charge distribution. The extent to which a toroidal pore forms appears to depend on how these charged residues are positioned. In cases B and D, since there are a large number of charged residues anchored to the top leaflet, the lipid headgroups are greatly distorted and pulled into the pore, however for lack of the same effect from the other direction, the pore is incomplete. In system C, though the toroidal pore is not fully formed, the charged residues allow the flow of water molecules, so a pore is formed, but it is not toroidal.
Some additional information can be obtained from considering snap-shots from the simulations. For example a snap-shot that shows the location of charged peptide residues is shown in Fig. 4A -D. As the figure shows, one of the peptides in system B has actually bent itself into a coil such that its N-terminus GLY1 interacts with the lipid headgroups of the top leaflet of the bilayer. This explains the presence of the peaks for GLY1 and LYS7 in Fig. 4 II located toward the upper bilayer. The observed bent structure of the peptide can also provide a clue toward a mechanism by which the peptide molecules may reorient themselves, to achieve a symmetric arrangement in the pore.
Helicity of the peptides
We studied the secondary structure of peptides, especially the alpha helicity, using the DSSP program. The change in the alpha helicity of the four peptide molecules in each system as a function of time is given in Fig. 5 . The starting peptide conformation used to build systems A and B had 50% alpha helicity and the crystal structure used for systems C and D had 89% helicity. The peptide molecules in all four cases lost their helicity even after the initial equilibration, although peptides in systems A and B lost more than in systems C and D. We observed that in our simulation runs, in system A, one of the four peptides was entirely a coil and had 0% helicity, while the remaining had~10, 15 and 30% helicity. Of the four systems considered, system B was the least helical system with three of its peptides having 0% helicity and the remaining peptide with~30% helicity. A reason for this reduced helicity could be due to the pulling of the LYS7 residue toward the lower bilayer in order to balance the charges, as mentioned in Section 3.2. Systems C and D, which were set up with the helical crystal structure, also exhibited reduced helicity, though not as low as systems A and B. Both C and D had three of their peptides with N40% helicity. We observed from our simulations that the helicity of different peptides is different, even when the four peptides belong to the same pore. This may be due to the limited time of the simulation, so that peptides do not have enough time to explore their conformational space. Actually, different helicities for different peptides in a pore may also exist in reality; but it is expected that the average peptide helicity in a stable pore is also stable. It is therefore rewarding to see that the average helicity of the pore peptides remained nearly a constant in our simulations, as Fig. 5E shows.
To compare the helicity of the peptides in our systems A-D with the helicity of melittin in well known cases we also performed two controlled runs: a run with a peptide in water and another run with the peptide inserted in a bilayer. The change in the secondary structure of melittin as a function of time in water, in the bilayer and in systems A and D is shown in Fig. 6 . We observe that melittin loses its helical structure in water, but maintains its helical structure in the transmembrane orientation, because of the hydrophobic environment in the lipid bilayer. This is a well known effect, and it has been observed by many experimental and simulation studies. However, what should be the secondary structure of melittin during the pore formation is not clear. Experimental studies [31, 32] have observed melittin in the helical conformation in the pores, but whether it was in a fully helical or less helical structure during the process of pore formation is not known. A recent multi-scale simulation study on the effect of helicity on pore stability suggests that a partially helical peptide forms a stable pore, while the presence of a fully helical peptide results in the closure of the pore on a microsecond time-scale [33] . In our study we also observe that the toroidal pore is formed only in the case of system A, when the peptides are less helical, and not in system C, when the peptides have the same symmetric arrangement as in A. It is possible that melittin stays in a less helical structure during the toroidal pore formation and once the pore is stabilized it adopts a more helical conformation. The experimental evidence in favor of the lower helical content of melittin comes from the comparative linear dichroism study by Svensson et al. [34] . They report that the magnitude of the observed LD signals is weak compared to the value that would be observed for a more helical peptide. Another study on melittin analogs reveals that melittin analogs fail to form appreciable secondary structures in zwitterionic lipid membranes [35] . The simulation studies by Sengupta et al. [4] also observe the protein molecules only in a partial helical conformation, and therefore they proposed that helical conformation is not a prerequisite for pore formation. As for the computational studies with preformed pores, though a direct comparison could not be made, we observed that even though the simulation by Lin and Baumgaertner [8] was short, nevertheless, as illustrated by their final snapshot, certain regions of the protein started to unwind. In Manna and Mukhopadhyay [11] simulation melittin preserved its helical conformation throughout the 15 ns length of the run. However, the peptides in their case were positioned quite far from each other, resulting in a hydrophobic Fig. 4 . Position of the charged residues along the pore in the four systems A-D at 250 ns. The peptides are represented as green ribbons and phosphorous atoms as gray spheres. The LYS residues in the C-terminus (red), LYS at position 7 (blue), ARG residues (pink) and GLY residue at position 1 (orange). I-IV show the density distribution of the nitrogen atom in these four groups in the four systems. environment for each peptide molecule, which could be the reason why melittin stayed in an alpha helix conformation. Mihajlovic and Lazaridis observed that the tetramer melittin pore preserved the helical structure of peptides, although forming only a semitoroidal pore [7] . This is in agreement with our results for system D, where the peptides remain mostly helical, but a toroidal pore is not formed.
Why can it be advantageous for melittin not to have a helical structure during the process of the toroidal pore creation? With a non-helical structure the residues, including the charged ones, have more freedom of motion and, therefore, can interact more effectively with the charged lipid headgroups and bend them, which is necessary to create a toroidal pore. The backbone hydrogen bond breakages that accompany loss of peptide helical structure may be compensated by the hydrogen bond formation between peptides and lipid headgroups.
Conclusions
Using computational modeling we investigated two issues related to the character of melittin toroidal pore: the arrangement of the peptides and their helicity. Experimental evidence exists for the symmetric and asymmetric arrangements of melittin in the model lipid membranes, however most discussions in the literature and all computational studies on the melittin formed toroidal pores have considered only the asymmetric orientation with the C-termini of all four (in case when the pore consists of four peptides) melittin molecules anchored to one of the bilayer leaflets. The present study is the first computational study of the toroidal pore with a symmetric arrangement of the peptides. In addition, since several recent experimental and computational studies allow just partial helicity of melittins for the pore formation, we also study the effect of peptide helicity. Therefore, in this work we have compared different arrangements of melittin peptides in pores: with symmetric and asymmetric orientations and with the helical and less helical melittin, to build the systems. Of the four cases considered, we observe the formation of a stable toroidal pore only in system A, with symmetric arrangement of the less helical peptides. Although system C, with a symmetric arrangement of helical peptides, does not form a toroidal pore, it still maintains a stable water channel, which is not the case in systems B and D with asymmetric arrangements. This observation leads us to propose that the formation of a symmetric toroidal pore is possible and the helical secondary structure of the proteins is not a prerequisite for the toroidal pore formation.
It is also possible that toroidal pores with asymmetric arrangements of peptides exist in nature. Our simulations are still too short to make sure that we can eliminate this possibility. Events like pore formation by peptides in membranes take place on a longer timescale than we can simulate using a force field with atomic detail. Although our present simulations are not able to depict all stages of spontaneous toroidal pore creation around melittins, they strongly suggest that symmetric arrangement of melittin peptides in a bundle may play an important role for such an event.
Often, to perform long time simulations on systems containing membranes, coarse-grained force fields that remove detailed description of the molecules are used. Our present simulations show that molecular details may play a very important role in the creation of toroidal pores in case of melittin. If this is specific for melittin only, or other peptides also display specific features important for pore creation should be a subject of future studies.
